the formation of a gossypol-aniline complex lead to overestimated results because of some interferences (MarTwelve Gossypium genotypes (species, fertile interspecific allotequié and Bourré ly, 1991). Because of its sensitivity and traploid and allohexaploid hybrids, backcross progeny of interspecific hybrids) characterized by drastic differences in their seed gossypol repeatability, HPLC is the method of choice for the content were used to design a visual quantification method of the gossy-
traploid and allohexaploid hybrids, backcross progeny of interspecific hybrids) characterized by drastic differences in their seed gossypol repeatability, HPLC is the method of choice for the content were used to design a visual quantification method of the gossymeasurements of low gossypol concentrations (Aboupol concentration in cotton seeds. After developing an high perfor- Donia et al., 1981; Marquié and Bouré ly, 1991) . It is, mance liquid chromatography (HPLC) method that allowed measurehowever, tedious to apply chemical measurements on in the gossypol content of their seeds.
The estimation of %G directly from N/S is a rapid and accurate method which can be used in breeding programs to screen the progeny
MATERIAL AND METHODS
of cotton genotypes showing a high segregation for their seed gossypol content.
Plant Materials
The seeds used in our investigations were produced by selfing 12 distinct genotypes (of different genetic backgrounds) O ne of the main traits of Gossypium L. is the presmaintained in the cotton collection of the Gembloux Agriculence of pigment glands throughout the plant (Alt- panovic et al., 1984 , Fisher et al., 1988 , Percy et al., 1996 .
Gossypol is the main terpenoid aldehyde found in (Brubaker, 1996) to more than 9% in G. davidsonii Kell.
HRS BC 2 S 1 /09, HRS BC 2 S 1 /14, HRS BC 3 /09, and HRS BC 3 / (Carter et al., 1966) . Upland cotton seeds usually contain 13. All these genotypes were characterized by very different levels of seed gland gossypol and the BC 2 S 1 and BC 3 plants from 0.6 to 2% gossypol (Lusas and Jividin, 1987) . As issued from the HRS hybrid were chosen for their ability this triterpenoid is very toxic to humans and monogasto produce segregating progenies for this trait (Vroh Bi et tric animals (Lusas and Jividin, 1987; Alford et al., 1996 Alford et al., ), al., 1999 its rate in all food and feed products produced with cotton flour must be very low and has to be systematiSeed Glands Counting Technique cally controlled. To reach this goal, the most frequently and Surface Evaluation used analytical procedures include spectrophotometry and HPLC (Abou-Donia et al., 1981; Before being analyzed by HPLC, each seed was cut in two longitudinal sections after removal of the teguments to assess 1988; Hron et al., 1990; Tchatchueng et al., 1992 Sci. 42:1937 Sci. 42: -1942 Sci. 42: (2002 of each class (N1, N2, and N3) were counted and the mean ence or preparation of gossypol of known concentration from a 1000 gg Ϫ1 stock solution in acetone); (ii) grinding condisurface of a gossypol gland (MGS, expressed in m 2 )w a s calculated by the following formula: MGS ϭ (N1 ϫ 1350 ϩ tions of the seeds: direct grinding of a single seed, cryo-grinding at Ϫ196ЊC with liquid nitrogen as such or in the presence of N2 ϫ 5125 ϩ N3 ϫ 10 000)/(N1 ϩ N2 ϩ N3), where 1350, 5125, and 10 000 are considered as the central points of the glacial acetic acid; (iii) hydrolysis duration: 5, 10, and 20 min. three gland classes.
RESULTS AND DISCUSSIONS

HPLC Determination of Gossypol
Development of a Seed-by-Seed Gossypol
The HPLC procedure optimized by Marquié and Bourré ly HPLC Method (1991) was used to analyze the gossypol content in seed bulks. After being peeled, cut, and weighed, the seeds were ground
The retention times of the standard gossypol provided 0.06, n ϭ 16 instead of 1.06% Ϯ 0.02, n ϭ 6) of the improvement was clear from the intense yellow color of the seed extracts. According to Yatsu et al. (1986) , same cultivar (Stamf). We tested the effect of adding liquid nitrogen alone (about 15 mL per seed) or in one can assume that this treatment burst the walls of cells protecting the gossypol glands. The gossypol concombination with glacial acetic acid (0.5-1 mL per seed) on the HPLC assessment of single seed gossypol contents measured after cryo-grinding with acetic acid were significantly higher (P Ͻ 0.001) than those obtained tent. The results obtained for these different treatments are shown in Table 1. when no treatment was applied.
Among the three hydrolysis times tested (5, 10, and Compared with the two other treatments, the addition of liquid nitrogen and glacial acetic acid released much 20 min), the best compromise was reached, as stated by Marquié and Bourré ly (1991) , with the 10-min hydrolymore of the gossypol contained in the seed glands. This sis of the seed kernel meal with glacial acetic acid at 100ЊC in a boiling-water bath. After a 20-min. hydrolysis, the chromatograms contained additional major unidentified peaks. This phenomenon is probably linked to a release of unidentified molecules in the reactive medium or to gossypol decomposition or polymerization. The centrifugation of the samples at 3300 g for 10 min followed by a double filtration on nylon filter membranes of 0.20 m (MSI) to eliminate micro suspended particles avoided excessive back-pressure in the analytical columns. For each series of analyses, analytical drift was avoided during a working period by injecting external standards, at least three reference solutions with Table 5 . Analysis of variance of the ratios %G/(N/S ). known gossypol contents close to those of the samples. only simple counting of the total number of glands, instead of measuring the gossypol glands area. The improved protocol presented schematically in Fig. Considering two or several variables simultaneously 1 was finally adopted.
does not improve the relation between the gossypol Results on gossypol content quantification using the content %G and the variables characterizing the distriseed-by-seed and the bulk seed HPLC analysis methods bution of gossypol glands. The relationship between are presented in Table 2 . The results obtained by the gossypol content %G and N/S is linear, but the condibulk seed analysis method are consistent with those tional variance of %G is proportional to (N/S) 2 . This obtained by the seed-by-seed HPLC method, the latter, justifies the use of weighted regression. For the straight however, being slightly lower. This is notable in the line fitted by weighted least squares, the constant, alcase for the two wild American species (G. thurberi, G. though significant, is of no importance and can therefore raimondii). We hypothesize that the cryo-grinding in be removed. The simplified model is %G ϭ b ϫ (N/S), liquid nitrogen and acetic acid led to a more complete which means that the %G/(N/S) ratio does not depend recovery of gossypol.
on N/S. Examination of the box-plots (Fig. 3) and a one-crite-
Quantification of the Internal Gossypol rion variance analysis of the %G/(N/S) ratios (Table 5)
Glands Density
shows that the differences between the studied geno- Table 3 presents the results obtained from the obsertypes are very important. The results can be used to vations made on the section of the seeds used to assess quantify the contents of gossypol in single seeds belongthe gossypol content with the seed-by-seed HPLC analying to one of the 11 genotypes studied (Table 6 ). The sis method. For genotypes BC 3 S 1 /09 and BC 2 S 2 /09, we estimate of the seed gossypol content is given by G % ϭ noted a reduction of the number of gossypol glands on r i (N/S)and the standard error of this estimate is equal to the external tissues of the whole seed kernel, compared (N/S)√ 2 i (n i ϩ 1)/n i ϭ (N/S) se i with the gossypol gland density observed in parental species (G. hirsutum, G. raimondii) of the HRS trispeIn these relations, r i is the average and i is the standard cific hybrid.
deviation of the ratio %G/(N/S) for the genotype i; n i The allotetraploids (G. thurberi ϫ G. sturtianum), is the number of seeds studied for this genotype i, and 2(G. arboreum ϫ G. sturtianum), 2(G. australe ϫ G. se i is the standard error of the estimated %G/(N/S) ratio davidsonii), and the synthetic allohexaploid 2(G. hirsufor a seed of genotype i. tum ϫ G. sturtianum), which include all the chromoFor example, the gossypol content of a seed with a somes of the wild Australian species in their genome, N/S ratio of 5 will vary according to which genotype it also show a significant reduction in the number of gossybelongs, from 0.00618 ϫ 5 ϭ 0.031% (standard error ϭ pol glands. Figure 2 shows different gossypol glands dis-0.00364 ϫ 5 ϭ 0.02%) for G. arboreum ϫ G. sturtianum tribution observed on seed longitudinal sections.
hybrid to 0.24451 ϫ 5 ϭ 1.22% (standard error ϭ 0.04373 ϫ 5 ϭ 0.22%) for G. raimondii.
Establishment of a Relation between the
This new method is rapid and accurate and can be To allow the estimation of the gossypol content from
Seed-by-Seed Evaluation of the Gossypol
